In order to develop a new epoxy resin (EP) possessing good thermal and mechanical properties as well as flame retardancy performance, the compound POSS-bisDOPO consisting of one polyhedral oligomeric silsesquioxane (POSS) and two unit of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was synthesized and used as co-additive with tetrabutyl titanate to construct a phosphorous-silicontitanium synergy system. Compared to pure EP, the char yields of the EP composites were increased.
Introduction
As a typical thermosetting material, epoxy resin has widespread applications in surface coatings, electronic encapsulating, adhesives and advanced composites matrices due to their excellent solvent resistance, low moisture absorption, strong adherence to many substrates, and outstanding electrical and mechanical properties.
1 Although epoxy resin has many excellent performance, its application is still limited by high am-mability. Like other resins, the ame resistance of epoxy resins can be enhanced by ame retardants. Halogenated compounds were widely used to improve the ame resistance and showed high efficiency. However, the use of traditional halogenated ame retardant will lead a series of environment concerns as they can produce poisonous and corrosive smoke and release halogenated dibenzo-dioxins and dibenzo-furans.
2 Therefore, it is necessary to exploit halogen-free ame retardants to improve the ame resistance of epoxy resins.
Phosphorous compounds could produce polyphosphoric acid with strong dehydration ability that can rapidly make the oxygen-containing organic compound dehydration and carbonization, or even change the approach of thermal decomposition of the fuel. 3 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is a typical phosphorous-containing ame retardant which has high thermal stability, good oxidation and can signicantly reduce the ammability and increase the char residue of polymeric materials. 4 Polyhedral oligomeric silsesquioxane (POSS) is a kind of inorganic-organic hybrid material with a nanosized, cageshaped and three-dimensional structure. The typical POSS molecule have general formula of RSiO 1.5 where R is hydrogen or an organic group, such as alkyl, aryl or any of their derivatives. 5 POSS have received wide attention and research due to their environmental neutrality, good heat resistance and excellent thermoxidative stability. Incorporation of the POSS into polymers can signicantly improve their thermal properties and oxidation resistance as well as ame retardancy. [6] [7] [8] It is worth noting that additives containing both silicon and phosphorus can achieve a synergistic ame-retardant effect, thus increasing the ame retardancy more effectively.
9-12 For instance, Yang et al.
13,14 synthesized a ame-retardant (DOPO-POSS) as a good halogen-free ame retardant for polymers. Song et al. 15 and Hsiue et al. 16 reported a novel organic/ inorganic epoxy hybrids containing phosphorus and silica that can promote the formation of a protective char, protecting the underlying materials from further burning. In our previous work, 17 a novel DOPO-containing POSS with a high yield was synthesized via simple synthetic routes, and it could easily to self-assemble in EP and produce a good ame retardancy. However, the synergistic ame-retardant effect with metal has seldom been discussed till now.
The metal can be introduced into polymer by covalent bond via certain reaction or dispersion as inorganic clusters. 18 It is well known that the Lewis acidic metals can catalyze oxidative dehydrogenation reaction in gas phase. 19 In fact, the presence of the metal in the polymer will form more thermally stable phase, even promote partial matrix cross-linking, hence lead to the increase of thermal stability. 20 Antonov et al. 21 reported that nely dispersed metals at low concentration (#1 wt%) strongly enhanced char yield.
In our work, we synthesized the compound POSS-bisDOPO containing two unit of DOPO and one unit of POSS, and used it as additives to construct a multi-element additive system containing phosphorus and silicon as well as titanium elements. As metal source, TBT is a kind of organic titanate and can react with hydroxyl group of epoxy, which could achieve very good dispersion in polymer matrix and have better catalytic effect. We used some characterization techniques, including TGA, LOI, UL-94, SEM, DMA and three-point bending test, to investigate the thermal degradation property and to discuss the ame retardancy mechanism of the prepared EP composites.
Experimental

Materials
Aminopropylisobutyl POSS (Product no. AM0265) was purchased from Hybrid Plastics Company. 9,10-Dihydroxa-10-phosphaphenanthrene-10-oxide (DOPO) and tetrabutyl titanate (TBT) was purchased from Shanghai Eutec Chemical Co. Ltd., China. Diglycidyl ether of bisphenol A (DGEBA, trade name E51), a kind of liquid epoxy resin, was supplied by Jinan Qingtian Chemical Co. Ltd., China. 4,4 0 -Diaminodiphenylmethane (DDM) and polyoxymethylene (POM) were purchased from Sinopharm Chemical Reagent Co. Ltd., China. The reagents used were of analytical grade unless otherwise noted.
Synthesis of POSS-bisDOPO
POSS-bisDOPO was synthesized by aminopropylisobutyl POSS, DOPO and POM according to our previously reported procedure. 17 NH 2 -POSS (20 mmol, 17.48 g), DOPO (50 mmol, 10.80 g), POM (50 mmol, 1.50 g) and chloroform (120 mL) were added into a 250 mL round-bottom glass ask equipped with a condenser and mechanical stirrer. The reaction mixture was stirred vigorously and heated to 61 C. The reaction was continued at 61 C around for 24 h and then the solvent was concentrated to 20 mL by rotary evaporators. Aerward, the concentrated solvent slowly dropped into 400 mL cold methanol and then placed in the refrigerator for 10 h. A lot of white precipitate was formed and ltered the solution through a suction lter device. Subsequently, the lter cake was dried under vacuum at 60 C for 24 h to get the target product (POSS-bisDOPO, yield, 25.3 g, 85%) as a white powder. The synthesis route and characterization data were shown in the ESI (see Fig. S1 †).
Preparation of cured epoxy resin and its composites
The cured epoxy resins were obtained using a thermal curing process. At rst, TBT was dispersed in DGEBA by magnetic stirring at 105 C for 1 h till dissolving completely. During the reaction process, the vacuum pump was used to remove small molecules formed in the reaction. And then, the POSS-bisDOPO was added into DGEBA at 105 C for 0.5 h. Aer cooled to 85 C, stoichiometric amounts of DDM was added. The mixture was poured into an aluminium mould once the mixture became homogeneous. Meanwhile, a group of pure epoxy resin was prepared as control group. All the composition of the samples were listed in Table 1 . All samples were cured at 120 C for 4 h, followed by at 140 C for 2 h. They were then further post-cured at 180 C for 2 h to ensure the complete curing reaction.
Characterization
The surface morphology of structure of the fracture and the char residues from the LOI tests were examined with TM3000 tabletop microscope, using an acceleration voltage of 15 kV. Thermogravimetric analysis (TGA) was performed with a Netzsch STA 409EP by heating from room temperature to 800 C at a heating rate of 10 C min À1 under air and nitrogen atmospheres. Differential scanning colourimetry (DSC) was conducted with a Netzsch STA 449C by heating from room temperature to 250 C at a heating rate of 10 C min À1 under nitrogen atmosphere. The mass of each sample was approximately 4-10 mg. The sample transmittance was evaluated by UV2550 Spectrophotometer. The limited oxygen index (LOI) was determined with Fire Testing Technology Oxygen Index, and the specimen dimensions were 100 mm Â 6 mm Â 4 mm. The Table 1 Component and T g of the cured EP composites bending experiments were conducted on an electronic universal testing machine (AGS-X, Shimadzu, Japan). The crosshead speed was 1 mm min À1 , and the typical dimension of the sample beams were 120 mm Â 10 mm Â 5 mm.
Results and discussion
Glass transition behavior
A series of cured epoxy resins with different composition ratio and the calculated ame retardant element contents of the prepared EP composites as well as the corresponding glass transition temperature T g from DSC were all given in Table 1 . The DSC curves of the cured neat epoxy and its composites were shown in Fig. S2 . † It can be seen that compared to neat EP, the addition of single component of TBT made the T g of EP10-0 increase from 155.1 C to 179.6 C. It was explained that TBT could react with hydroxyl groups of epoxy and serve as the crosslinking agent for epoxy. The increasing of crosslinking density of EP restrained the motion of segmers, consequently increased T g . However, the addition of single component of POSS-bisDOPO made the T g of EP0-10 decrease from 155.1 C to 145.9 C. The reason was that the dispersion of POSS-bisDOPO in EP lead to the increasing of the free volume of the system, which enlarged the motion space and improved the motion ability of segmers, thus resulting in a decline of T g . When the added ratio of TBT to POSS-bisDOPO was adjusted, the cured EP composites with different T g could be obtained. It showed that the sample EP5-5 had a T g of 161.3 C, which was higher than that of EP1-9 and EP3-7. Compared to EP0-0, the T g of EP5-5 was obviously enhanced.
Morphology characterization
Because the synthesized POSS-bisDOPO is a kind of halogenfree ame retardant without reactive group on the molecular structure, we investigated the compatibility between the additive and epoxy resin by UV-vis and SEM. Fig. 1 displayed the photographs and transmittance curves of the cured EP composites. It can be seen from these photographs that, neat EP0-0 was clear and transparent, while the composite EP0-10 was a little blurry. Apparently, the addition of POSS-bisDOPO made the transmittance of composite EP get worse in the visible light range of 390-780 nm, which was veried in the transmittance curves. For example, under the wavelength of 600 nm, the transmittance of EP0-0, EP5-5, EP3-7, EP1-9 and EP0-10 were about 90%, 56%, 52%, 48% and 36%, respectively. This implied that the transmittance of the cured samples declined as the loaded amount of POSS-bisDOPO increased.
Although the physical dispersing of POSS-bisDOPO in DGEBA could lead to the decrease of transmittance of cured samples, the EP composites did not show an obvious phase separation because POSS-bisDOPO can self-assembly in DGEBA to form small particles with nanosize. 17 When it turned to TBT, we found that the addition of TBT played a weaker effect on the transparency of composite EP in the visible light range. For instance, under the wavelength of 600 nm, the transmittance of EP10-0 was about 84%, which only had a decreasing of 6% comparing to pure EP. This may be attributed to the reactivity of TBT with certain groups such as hydroxyl on epoxy monomers. These results indicated that the high affinity of TBT for DGEBA kept the cured EP composites with a good transmittance.
SEM characterization was used to further understand the micro-morphologies of the fracture surfaces of cured epoxy resin and its composites. Fig. 2 showed the SEM images of the fracture surfaces of the cured EP composites. It can be observed from Fig. 2A that neat epoxy resin (EP0-0) had a smooth fracture Fig. 1 (A) Photographs and (B) transmittance curves of the cured EP composites.
surface and showed a typical brittle fracture. However, when 10 wt% TBT and 10 wt% POSS-bisDOPO was incorporated respectively, both the prepared EP10-0 and EP0-10 occurred a completely different fracture, which was shown in Fig. 2E and F respectively. From the surface morphology, we observed that the distribution of fracture stripe increased and the fracture area turned relatively larger, which indicated the transition of the fracture behavior from brittle fracture to ductile fracture aer the incorporation of additives. On one hand, because POSS-bisDOPO physically dispersed in DGEBA, it could improve the motion ability of segmers as plasticizers did, and then lead to a toughening effect on the cured EP composites. On the other hand, because the addition of TBT enhanced the density of cross linking of cured matrix, it would increased the energy barrier for the fracture to overcome. When POSS-bisDOPO and TBT were added together into EP, such as EP1-9, EP3-7 and EP5-5, it could be seen that the distribution of fracture stripe further increased with an uneven surface, which indicated a better fracture toughness.
Mechanical property
The mechanical properties of cured epoxy resin and its composites were evaluated by dynamic mechanical analysis under double cantilever model. The curves of storage modulus and loss factor tan d were shown in Fig. 3 , and the data are also given in the ESI (see Table S1 †). It showed that the storage modulus of the neat epoxy (EP0-0), EP1-9, EP3-7, EP5-5, EP10-0, and EP0-10 at 40 C were 1245, 1350, 1235, 1247, 1244 and 1241 MPa, respectively. This implied that at the glass state, the cured EP composites with the incorporation of POSS-bisDOPO and TBT almost kept the same dynamic mechanical properties with a small variation. When the temperature rose to 190 C, the cured EP composites were in a rubber state. The storage modulus of the EP0-0 was 10.1 MPa, while that of EP10-0 and EP0-10 increased to 19.6 MPa and 11.1 MPa, respectively. In addition, all the storage modulus of EP1-9, EP3-7 and EP5-5 were enhanced to a higher level compared to neat EP. It was explained that the introduction of TBT increased the crosslinking density of EP system, and then enhanced the storage modulus of cured EP composites under the rubber state. In order to further investigate the mechanical property of the epoxy resin, three-point bending tests were used to measure the elastic modulus of the cured EP composites. The experimental results showed that the elastic modulus of the EP0-0 was 2559 MPa, while those of the composited EP1-9, EP3-7, EP5-5, EP10-0 and EP0-10 were 2620, 2588, 2563, 2595, and 2631 MPa, respectively. The increasing of elastic modulus implied that the mechanical property of the epoxy resin composites have no decline by the incorporation of POSSbisDOPO and TBT. The result was consistent with the above dynamic mechanical analysis.
Thermal stability
TGA is an effective method for characterizing the thermo oxidation resistance of materials. Fig. 4 provided the TGA curves of the cured neat epoxy and its composites under both air and nitrogen atmospheres. The relevant thermal decomposition data, including T d which was dened as the temperature at 5 wt% weight loss, and T max which was dened as the temperature at maximum weight loss rate, and the char residues at 800 C, are given in Table 2 .
As shown in Fig. 4 , under the nitrogen atmospheres, the T d and T max of EP0-0 were around 354.5 C and 380.9 C, respectively, and with a maximum weight loss rate being 1.45 wt% min
À1
. However, the T d and T max of the composites (EP1-9-EP10-0) are in the range of 290-340 C and 360-375 C, respectively, which was lower than that of neat epoxy (EP0-0). The result could be ascribed to the relatively low temperature of the degradation of the phosphorus and titanate group, which mainly caused by the weak P-O-C and Ti-O-C bond decomposition in POSS-bisDOPO and TBT. This phenomenon has also been observed in other literatures. 22, 23 Besides, the maximum weight loss rate of EP1-9, EP3-7, EP5-5, EP0-10 and EP10-0 were about 0.99, 1.01, 1.08, 1.11 and 1.17 wt% min À1 , respectively.
Notably, the maximum weight loss rate of the cured EP composites were slower than that of neat epoxy. Furthermore, the cured EP composites with both POSS-bisDOPO and TBT had a slower maximum weight loss rate relative to the composites alone added POSS-bisDOPO or TBT. This might be explained that phosphorus-containing and silicon-containing ame retardants can reduce the degradation rate of the epoxy resins. 9, 15, 16 However, when the system included all the three elements of phosphorus and silicon as well as titanium, the degradation rate further decreased. This phenomenon may be due to the interaction of phosphorous, silicon and titanium, resulting in a synergistic effect during thermal degradation.
Under the air atmospheres, the rst decomposition process of all samples occurred at around 300 C, implying that these samples adopt the same thermal decomposition pathway. This is probably induced by the dehydrogenation and aromatization of alkyl groups at this temperature. 24 Next, a second degradation stage appeared at 500-700 C, which is considered to be the thermo-oxidative degradation of the char. Similarly, the degradation rate decreased by adding POSS-bisDOPO and TBT. As shown in Table 2 , all of the values of the char residues of composites in the experiment were higher than the theoretical values, which might attribute to the synergistic effect of phosphorous, silicon and titanium. It has been reported that phosphorous can accelerate the formation of char, silicon could form a ceramic-like layer to keep the char from undergoing thermal degradation. 25 Moreover, the catalytic effect of metals on polymer showed that nely dispersed metals at low concentration strongly enhanced char yield by catalyzing dehydrogenation during polymer thermal degradation. Based on the above discussion, it was considered that a synergistic effect of phosphorous, silicon and titanium happened in the system of cured EP composites during the thermal degradation. The phosphorous and silicon is helpful to form a stable, continuous and compact condensed phase which can prevent the diffusion of the heat and the oxygen to the inner matrix. Meanwhile, the titanium could be activated under the heat and then play a role of catalyst which can accelerate the formation of char. The synergistic effect increased the char residues and decreased the degradation rate of epoxy resins by forming a more compact physical protective layer.
Flame retardancy
The effect of POSS-bisDOPO and TBT on the LOI values and UL-94 ratings of the cured EP composites are presented in Table 3 . We could nd that the LOI values of the cured EP composites increased from 26.2% to 31.2%. The LOI values of EP0-10 (30.3%) is higher than that of EP10-0 (28.0%), revealing that POSS-bisDOPO had a better ame retardance than TBT. Compared with the composite just added POSS-bisDOPO (EP0-10), the LOI values of other composites simultaneously possessing POSS-bisDOPO and TBT (EP1-9, EP3-7, EP5-5) had no obvious improvement, which demonstrated that the TBT played a weak role in affecting the LOI value of the epoxy resin. However, the UL-94 test indicated that the synergetic effect of phosphorous, silicon and titanium may occur in the cured EP composites during combustion. All of the cured EP composites had no dripping and could self-extinguishing. When only POSSbisDOPO or TBT was incorporated, the UL-94 rating was V-1. However, an interesting result can be observed that the UL-94 ratings of composites raised to V-0 when POSS-bisDOPO and TBT were added together. In summary, the mixture of POSSbisDOPO and TBT had a remarkable positive effect in ame retardancy during combustion.
The heat release rate (HRR) curves of the cured EP composites were displayed in Fig. 5 , the peak heat release rate (PHHR) and the total heat release (THR) were given in Table  S2 . † It can be seen that the PHHR and the THR of EP0-0 are 430.2 W g À1 and 22.7 kJ g
À1
, respectively. When only POSSbisDOPO or TBT was incorporated (EP0-10, EP10-0), the PHHR decreased to 369.2 and 255.6 W g À1 , respectively. It is worth noting that the PHHR of the composites with both POSS- bisDOPO and TBT (EP5-5) sharply decreased to 28.4 W g À1 .
Furthermore, the THR of EP5-5 also signicantly decreased relative to EP0-10 and EP10-0, the THR of EP5-5, EP0-10 and EP10-0 are 1.7, 20.1 and 17.9 kJ g À1 , respectively. The results indicated that the incorporation of POSS-bisDOPO and TBT decreased the HHR and the THR of the cured EP composites, and the coexistence of phosphorous, silicon and titanium played a good synergistic ame retardant effect.
Morphology characterization of char residue
The microstructure of char residues of the cured neat epoxy and its composites were characterized by SEM and shown in Fig. 6 . It can be seen that the char of neat epoxy resin presented a smooth inner surface (Fig. 6A ) and a loose outer layer with grain-like structure (Fig. 6E) , which resulted from rapid volatilization of the condensed phase to the outer. The drawback of this kind of residue is that the heat and oxygen could easily penetrate through this char and enter into the inner, consequently increased the combustion intensity. However, aer adding POSS-bisDOPO and TBT, the char residue of the cured EP composites displayed an alveolate inner layer with some broken bubbles on the surface (Fig. 6B-D) . Moreover, a continual and compact exterior char layer was formed ( Fig. 6F-H) , which was helpful to prevent the volatile gas from thermal degradation from spreading. In summary, the tougher and compact char can hinder the heat and oxygen, and ultimately weaken the combustion intensity.
Conclusions
Together with tetrabutyl titanate, the compound POSS-bisDOPO consisting of two unit of DOPO and one unit of POSS was used as ame retardant additives to improve the ame retardancy of cured epoxy resin. The cured EP composites with different ratio of TBT to POSS-bisDOPO were prepared and characterized by DSC, SEM, DMA, TGA, LOI, UL-94, and three-point bending test etc. Compared to pure EP, the char yield of the prepared EP composite was increased from 16.67% to 23.75%. The LOI value and the UL-94 ratings of the cured EP composites with a loading of POSS-bisDOPO being 5% were also raised up to 31.0% and V-0 grade, respectively. Meanwhile, the PHRR and THR value reduced to 28.4 W g À1 and 1.7 kJ g À1 respectively. The SEM results indicated that the residual char of the prepared EP composites had an alveolate inner layer and continual compact outer layer, which was conducive to form effectively physical barrier to prevent the penetrating of the heat and oxygen. The DMA and three-point bending test results showed that the mechanical property of the prepared EP composites had no decline. In this work, the combination of POSS-bisDOPO and TBT can not only obviously improve the ame retardancy of the cured EP composites, but also remain their good mechanical property. During combustion, the synergistic effect of phosphorous, silicon and titanium accelerated the formation of condensed phase and provided continual and compact char layer that prevented further combustion of polymer.
